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Visible-light and X-ray detectors based on semiconductors as light absorption and charge transport
materials are widely used in image sensing, optical communication, biological detection, inspection, etc.
Metal halide perovskite materials are promising candidates for visible-light and X-ray detectors due to their
long carrier diffusion length, low trap density, strong absorption and tunable bandgap. Compared with the
widely investigated polycrystalline thin films, single crystals exhibit better optoelectronic properties,
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showing potential for higher-performance detector devices. In this review, we will summarize the recent
development of visible-light and X-ray detectors based on perovskite single crystals with different
morphologies and device structures. The strategies to optimize the material properties and device
performance will be discussed in detail. Finally, challenges and perspectives are proposed to promote
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1. Introduction

In the past decade, metal halide perovskites (MHPs) have
drawn great attention towards optoelectronic applications'™*
due to their superior properties, such as a high absorption
coefficient,'® unique defect physics,'” long carrier recombina-
tion lifetime,'® long carrier diffusion length,'® and high charge
mobility.”® The molecular formula of MHPs is usually ABX;,
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further improvement in performance and practical application of single-crystal perovskite detectors.

where A is a monovalent cation (such as methylammonium
(MA"), formamidinium (FA"), Cs"), B is a divalent metal ion
(such as Pb** or Sn*"), and X is a halide anion (such as 1", Br~,
or CI").” Since the first report by Miyasaka et al in 2009,
perovskite solar cells have experienced a significant develop-
ment with efficiency rocketing from 3.8% to 25.2%,>* which is
close to the silicon single crystal solar cells, showing great
potential for commercial application. In addition to photo-
voltaic devices, MHP materials are also widely investigated in
photodetectors,** X-ray detectors,” lasers,”” light emitting
diodes,?®3? etc.

Polycrystalline thin films and single crystals are two popular
forms of MHP materials for optoelectronic application. In
general, polycrystalline thin films are obtained through spin-
coating,®*° doctor-blading,*® and vacuum deposition.*®*”
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These procedures can produce polycrystalline grains with sizes
from several hundreds of nanometers to several micrometers.
That is to say, large amounts of grain boundaries which are rich
in charge traps exist in the polycrystalline thin films,**™*! which
is adverse to the optoelectronic properties®®™** and the stability
of the perovskite materials.*> In comparison, MHP single
crystals are free of grain boundaries and have been demon-
strated with lower defect density, better optoelectronic proper-
ties and higher stability than the polycrystalline thin films.**>’
Dong et al. observed an ultra-low trap state density of 10’ cm
and an ultra-long charge carrier diffusion length of 175 um
under one sun illumination in methylammonium lead iodide
(MAPDI,) single crystals.”® Chen et al. reported that mixed cation
and mixed halide perovskite single crystals remained stable even
after 10000 h of water-oxygen and 1000 h of light aging.*®
Besides, the absorption spectrum of MHP single crystals red
shifts obviously, which can broaden the photoresponse of single-
crystal perovskite solar cells, thus increasing the upper limit of
short-circuit current density and power conversion efficiency.'*
In fact, it has been universally recognized that perovskite single
crystals are promising for higher-performance and more stable
optoelectronic devices.

Currently, the superior properties of perovskite single crys-
tals have endowed perovskite photodetectors and X-ray detec-
tors with excellent device performance, while the single-crystal
solar cells and light emitting diodes still lag far behind the
polycrystalline counterpart. For example, Huang et al. found
that X-ray detectors made of methylammonium lead bromide
(MAPDBr3;) perovskite bulk single crystals showed ultra-high
sensitivity, which was four times higher than the sensitivity
achieved with commercial a-Se X-ray detectors.®® Zhang et al.
reported visible-light photodetectors based on formamidinium
lead dibromide (FAPbBr;) micro single crystals with a specific
detectivity of 3.87 x 10" Jones.®' The obtained high performance
indicates that MHP single crystals have great potential for prac-
tical applications in detection, imaging, and communication,
although there are still some obstacles that are to be overcome.
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In this review, the recent development of photodetectors
and radiation detectors based on perovskite single crystals will
be summarized. The strategies to optimize the material proper-
ties and device performance will be discussed in detail. Finally,
challenges and perspectives are proposed to promote further
improvement in performance and practical application of
single-crystal perovskite detectors.

2. Single-crystal perovskite
photodetectors

Photodetectors are devices that can convert light signals to
electrical signals via the photoelectric effect, which have a
broad range of applications, including image sensing, optical
communication, environmental monitoring, and chemical/
biological detection, in both academic and industrial domains.

In 2015, the MAPbI; bulk single crystal was synthesized
using three independent groups and used to investigate the
intrinsic property of perovskites.”®®*®® Due to the superior
optoelectronic properties and large thickness, the bulk perov-
skite single crystal was first investigated for its use in
photoconductor-type photodetectors (Fig. 1a).** Subsequently,
Bakr et al. found that the micro single crystal integrated with
the patterned substrate can increase the detector performance
significantly.®®> The photoconductor-type photodetectors
usually show high responsivity and specific detectivity, but slow

Au/Ag
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ITO/FTO ITO/FTO

Fig. 1 Schematic for perovskite-based photodetectors. (a) The photo-
conductors and (b) the photodiodes.
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response speed. To achieve a fast response, Huang et al. grew
thickness-controlled single crystal thin films to fabricate
photodiode-type photodetectors (Fig. 1b).°® In this section,
key parameters characterizing the performance of the photo-
detector are introduced briefly. Subsequently, two kinds of
photodetectors based on perovskite single crystals with different
morphology will be introduced, and the strategies to improve
device performance will be discussed.

The key performance parameters of photodetectors include
responsivity, detectivity, noise, a linear dynamic range, and
response speed:

(1) Responsivity (R): indicates the response efficiency of
photodetectors to optical signals. It is expressed as:

_ Jpn
Lijgnt

where Jp, is the photocurrent and Ly, is the incident-light
intensity. Because R is proportional to the external quantum
efficiency (EQE) of the photodetector, it can also be expressed as

_EQE- ¢

R
he

where / is the incident-light wavelength, g is the absolute value
of electron charge, 4 is the Planck constant, and c is the speed
of light.

(2) Detectivity (D*): indicates the weakest level of light that
the device can detect. It can be written as

e (M) R

In

where A is the effective area of the photodetector, Af is the
electrical bandwidth, and i, is the noise current.

(3) Noise equivalent power (NEP): means that the photo-
detector can distinguish the minimum impinging optical
power of noise. It can be written as:

(AAN) iy
D~ R

NEP =

(4) Linear dynamic range (LDR): it describes a range of
illumination intensity in which the current response of the
photodetector is linearly proportional to the light intensity. It is
expressed as

LDR = 20 log Zrer — %4
lower — Jd
where Jupper is the current value of the device’s response
deviating from linearity, Jiower is the lower resolution limit,
and J4 is the dark current.

(5) Response speed: is defined as the time between 10% and
90% of the maximum photocurrent. It is closely related to
charge transport and collection. The smaller the electrode
spacing (charge carrier path length), the more conducive the
rapid response is.

2.1 Photoconductor-type photodetectors

In photoconductor-type photodetectors, photo-generated carriers
shuttle between two electrodes before recombination, showing
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an intrinsic photocurrent amplification phenomenon.®” The
photocurrent gain is proportional to the carrier lifetime and
carrier mobility, but is inversely proportional to channel width.
Therefore, the high carrier mobility and long carrier lifetime
can endow photoconductors with high photocurrent gain, and
thus high responsivity and detectivity. Besides, shortening the
channel width is also a useful way to increase the performance
parameters.

2.1.1 Photoconductors based on bulk single crystals. Lian
et al. reported the first photoconductors based on the (100)
facet of the MAPbI; bulk single crystal, which showed much
better performance than the device based on polycrystalline
thin films (Fig. 2).** By using a simple Au/MAPbI;/Au planar
structure, they obtained a high responsivity of 953 A W' and
an external quantum efficiency (EQE) of 2.22 x 10°% at 1 V bias
when illuminated with 532 nm light of 2.12 nW cm ™2 (Fig. 2c
and d). In addition, the single crystal photodetectors were
found to exhibit good stability and a relatively fast response
speed of 58 ps (Fig. 2e and f). The crystal quality correlates
intimately with the carrier lifetime and mobility; therefore,
optimizing the crystal growth is important to improve the
detector performance. Liu et al. developed a low-temperature-
gradient crystallization approach to grow MAPbBr; single crystals
(Fig. 3a and b).>* This method improves the carrier mobility,
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Fig. 2 (a) Schematic diagram of the planar-type photodetector fabricated on
the (100) facet of a MAPbIs single crystal. (b) Photocurrent versus voltage
curves under different irradiation conditions. (c) Responsivity R versus irradi-
ance power curves. (d) External quantum efficiency EQE versus irradiance
power curves. (e) Transient photocurrent response for the MSCP with on-and-
off light with a switching frequency of 500 Hz. (f) Transient photocurrent
response for the MPFP with a switching frequency of 33 Hz. Reproduced
with permission.®* Copyright 2015, Springer Nature.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0tc02944k

Published on 22 July 2020. Downloaded on 6/1/2024 8:46:48 AM.

Review

Filtrated .

C
20000
< 3
d 2=
= 15000 . 5§ S 4000
< ~o-Responsivity ¢ o ESOOU -o-EQE
o
E10000{ & o Absorbance 2 S —o- Detectivity
2 " 2000
5000 1000
0 . 0 0
350 400 450 500 550 600 650 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
e

120
100+

L,

1000 1500 2000 2500 3000

Fresh (100%) 7 days 14days (97%) 21days(93%) 28days (92%) 35 days (90%)

=3
o

Current (uA)
s o
o o

n
o

o

Fig. 3 (a) Schematic diagram for the LTGC crystallization process of the
MAPDBTr3 single crystals. (b) Photograph of MAPbBr3 single crystals grown
via the LTGC process. (c) Responsivity (R) and absorbance of the MAPbBr3
single crystal photosensor. (d) External quantum efficiency (EQE) and
detectivity (D*) of the MAPbBr3 single crystal photosensor. (e) Photoresponse
stability measured on the MAPbBr3 single crystal photosensor under 525 nm
illumination. The photoresponse was periodically measured for an exposure
time of 35 days in ambient air with the humidity level at ~50% RH.
Reproduced with permission.>® Copyright 2018, Wiley-VCH.

carrier lifetime and crystal uniformity obviously. As a result,
the as-fabricated photodetectors with a device structure of
Au/MAPDBr;/Au showed very high responsivity, EQE, and a specific
detectivity of 6 x 10" Jones (Fig. 3c and d). Besides, the photo-
detectors show excellent stability with 90% current density after
35 days of storage (Fig. 3e). Interestingly, the photodetectors show
very homogeneous photocurrent and dark current, therefore,
a large-area (~1300 mm?®) imaging assembly composed of a
729-pixel sensor array was constructed, showing excellent imaging
capability (Fig. 4). In addition to crystal quality, another possible
factor determining the detector performance is the device fabrica-
tion technique, considering the very simple metal/perovskite/
metal structure. As perovskite materials are delicate, the surface
can be readily damaged by the high-energy atom bombardment
and strong local heating during vacuum-deposition. Single-crystal
perovskite photodetectors are also useful for fundamental inves-
tigation, such as facet-dependent optoelectronic properties.®>
Ding et al. fabricated photodetectors on the (220) and (100) facets
of MAPbI; single crystals.®” The experimental results revealed a
large anisotropy of optoelectronic properties between (220) and
(100) facets, which was interpreted in terms of surface structures
and ion migrations.

2.1.2 Photoconductors based on micro single crystals. Perov-
skite bulk single crystals are usually free-standing and are difficult
to integrate with a substrate. In comparison, perovskite micro
single crystals with sizes of tens of micrometers showed
fast growth, superior optoelectronic properties, capability for
large-area production, and easy integration with a substrate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a—c) Schematic diagram for the projection imaging mechanism.
A prepatterned photomask was used directly above the imaging assembly.
Under light illumination, the optical pattern is projected onto the sensor
unit with a contrast of light and dark through the mask to form a mask
image. (d—f) The corresponding photocurrent outputs from each pixel
with different optical patterns of “0123,” "SNNU,” and a butterfly. Repro-
duced with permission.>®* Copyright 2018, Wiley-VCH.

To obtain micro-single crystals, perturbation by stirring or
sonicating is essential to introduce multi crystal nuclei.®®
Saidaminov et al. first reported the fabrication of large-area
MAPDbBr; microcrystal films by stirring on the pre-patterned
ITO substrate with the channel width of 5 um (Fig. 5a and b).®®
The MAPDbBr; microcrystal showed a size of 30-50 um, a carrier
mobility of 60 ecm® V™' s, a carrier lifetime of 189 ns, a trap
density of 2 x 10" em ™, and a carrier diffusion length of 5 um,
which slightly lagged behind the MAPbBr; bulk single crystal
(Fig. 5¢ and d). Using a simple structure of ITO/MAPbBr;/ITO,
the as-fabricated photodetectors showed very high performance
with a responsivity of 4000 AW ™" (Fig. 5¢) and a response speed
of 25 ps. In spite of the relatively poor properties, the performance
of the photodetectors is much better than the photodetectors
based on the MAPDbBr; bulk single crystal with a similar structure.
This should be attributed to the 10-fold smaller channel width
and the prevention of damage of the brittle perovskite during the
vacuum-deposition of metal electrodes. By controlling the micro-
crystal thickness, Saidaminov et al achieved broadband and
narrowband detection simultaneously in this simple structure.®®
The as-fabricated photodetectors exhibited a broadband response
upon illumination from the ITO side while they exhibited a
narrowband response upon illumination from the air/perovskite
side. Adinolfi et al. extended this structure to the MAPbLCI;
microcrystal and achieved high-performance visible-blind UV
photodetectors with a responsivity of 18 A W™, a specific detec-
tivity of 10'* Jones, and a response speed of 1 ms.*® Zhang et al.
reported ultrahigh-performance visible-light photodetectors based
on FAPbBr; microcrystals with a responsivity of 4000 A W™, an
EQE of 10°%, a specific detectivity of 3.87 x 10" Jones, and
a response speed of 0.75 ms.®! The higher performance is due
to the better optoelectronic properties of FA-based perovskites,
indicating that the FA-based perovskite is an excellent candidate
for highly sensitive and fast photodetectors.

3
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Fig. 5 (a) Three-dimensional diagram of the photodetector: the MAPbBr3
ISC perovskite layer (orange) is deposited on top of the ITO contacts
(light blue). The detector is placed on a glass substrate (transparent gray).
(b) Energy diagram of the photodetector. (c) I-V characteristic of the MAPbBr3
ISC perovskites. (d) PL time decay trace at A = 560 nm. (e) Responsivity
and gain of the photodetector. Reproduced with permission.®®> Copyright
2015, Springer Nature.

2.1.3 Photoconductors based on single crystal thin films.
Based on the principle of photoconductor-type photodetectors, small
channel width can lead to higher responsivity and photocurrent
gain. For both bulk and micro single crystals, it is challenging to
construct sub-micrometer channels using a relatively cheap vacuum
deposition technique. In this case, a single crystal thin film provides
a way to adjust the channel width down to sub-micrometer by
controlling the film thickness. The most popular method for
obtaining single crystal thin films is the space-confined method in
which the vertical crystal growth is limited by the substrates.'* The
crystals can only grow along the lateral direction, thus generating
single crystal thin films. Yang et al. grew a MAPDbBr; single crystal
thin film with the thickness of hundreds of nanometers using the
space-confined method with the assistance of external pressure.”
Then they deposited two electrodes on the opposite side of the
as-grown single crystal thin film to construct a vertical-structure
photodetector; in this case, the crystal thickness is the channel
width. By using the sub-micrometer channel, they obtained a record
photocurrent gain of 50 million and a gain-band-width product
of 70 GHz (Fig. 6). The crystal size using the space-confined
method is usually several millimeters or hundreds of micro-
meters, which limits their practical application."* To obtain
large-area single crystal thin films, Liu et al. developed the top-
down method in which bulk single crystals were first grown and
then sliced into thin wafers.®® But the thickness using the top-
down method can hardly go down below 100 pm.
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Fig. 6 (a) Optical image of a single-crystal perovskite thin film. (b) SEM
image of a single-crystal perovskite thin film. (c) SEM image of the cross
section of photodetectors based on single-crystal perovskite films. (d) /I-V
curves in forward and backward sweeping directions of a photodetector.
(e) Gain and responsivity of the device. Reproduced with permission.”®
Copyright 2018, Wiley-VCH.

2.1.4 Photoconductors based on low-dimensional perovskite
single crystals. For the photoconductors based on perovskite
single crystals, one challenge is ion migration induced by an
electrical field, which generates large dark current, and thus leads
to high noise and low detectivity. For the widely-investigated
three-dimensional perovskites, ion migration can be suppressed
in single crystals, but is still inevitable. Recently, Huang et al.
reported that the activation energy of ion migration increased a lot
in two-dimensional perovskites due to reduced ion vacancy,
compared to three-dimensional perovskites.” The suppressed
ion migration in two-dimensional perovskite single crystals can
lead to low dark current, thus leading to high detectivity. Liu et al.
fabricated photoconductors based on a high-quality, flexible, two-
dimensional single crystal: (CsH;CH,CH,NH,),Pbl, (Fig. 7a—c).”>
Although the photoconductors exhibit a moderate responsivity
of 98.17 A W™, the very low dark current leads to an ultralow
noise of 9.18 x 107*® A Hz “? and an ultrahigh detectivity of
1.62 x 10" cm Hz'*> W™ (Fig. 7d-f). The detectivity is one to
two orders of magnitude higher than those based on three-
dimensional single crystals.

2.2 Photodiode-type photodetectors

Another kind of photodetectors based on the perovskite single
crystals is photodiode-type, in which a sandwiched structure
with two asymmetrical electrodes is used.®” The biggest advan-
tage of photodiode-type photodetectors is their fast response
speed, which shows great potential for light communication,
fast detection, etc. Besides, the existence of electron and hole
transport layers results in electrons and holes being collected
selectively, thus leading to no photocurrent gain and low dark
current. Therefore, photodiode-type photodetectors usually
show lower responsivity and noise than the photoconductor-
type photodetectors.

2.2.1 Photodiodes based on bulk single crystals. Maculan
et al. first reported a visible-blind UV photodetector based on
a MAPDCI; bulk single crystal with a vertical device structure:

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Photo of the (PEA),Pbl, SCM sample. (b) XRD pattern of the
(PEA),Pbl4 SCM photosensors. (c) Layered crystal structure of (PEA),Pbly.
(d) Photocurrent and responsivity of the (PEA),Pbl, SCM photosensors.
(e) Dark current noise at different frequencies of the (PEA),Pbl, SCM
photosensor. (f) EQE and D* of the (PEA),Pbl, SCM photosensor. Reproduced
with permission.” Copyright 2018, Springer Nature.
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Pt/MAPbCIl,/Ti/Au (Fig. 8a and b).”* The MAPbCI; single crystal was
grown using the inverse temperature crystallization (ITC) method
involving the DMF-DMSO mixed solution. The as-grown single
crystal exhibited superior properties, including a high carrier
mobility of 42 cm®> V™' s, a long carrier lifetime of 662 ns, and
a low trap density of 3.1 x 10" cm >, The limited absorption range
of the single crystal made it a good candidate for visible-blind UV
photodetectors. The as-fabricated UV photodetectors showed a
current on/off of 1100, a responsivity of 46.9 mA W™, a specific
detectivity of 1.2 x 10" Jones, and a response speed of 24 ms
(Fig. 8c and d). Compared to the organic-inorganic hybrid
perovskite, all inorganic perovskites show better stability, but
do not deteriorate the optoelectronic properties. Saidaminov
et al. developed a rapid, low-temperature, solution-based phase-
selective synthesis of millimeter-sized cesium lead bromide bulk
single crystals of millimeter-sized cesium lead bromide bulk
single crystals with different compositions, including CsPbBr;,
Cs4PbBr,, and CsPb,Brs;.”* A higher ON/OFF ratio of 10° and a
response time of 60 ms were obtained for self-powered visible-
light detectors based on millimeter-sized CsPbBr; single crystals.

The large thickness of the bulk single crystal and the existence
of surface charge traps could be used to construct narrowband
photodetectors. Fang et al. synthesized a series of perovskite bulk
single crystals with the absorption edge continuously tuned from
blue to red.””> The photogenerated carriers were mainly located
close to the surface of the single crystal upon excitation by short-
wavelength light, and the carriers could not be collected due to
the strong recombination assisted by the surface charge traps.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Device structure of the MAPbCI3 single crystal photodetector.
(b) Energy band diagram. (c) /-V curves of the photodetector under illumina-
tion. (d) ON-OFF photoresponse under modulated UV illumination. Repro-
duced with permission.”® Copyright 2015, American Chemical Society.

In contrast, the carriers generated by below-bandgap excitation
distributed across the whole single crystal, which can be partly
transported and collected by the electrode, leading to a photo
response at the band edge position. A very narrow spectrum
response with a full-width at half-maximum of smaller than
20 nm was obtained and the peak position of EQE could be
adjusted by controlling the composition of the perovskite single
crystals (Fig. 9).

2.2.2 Photodiodes based on single crystal thin films. The
large thickness of bulk single crystals causes a very long carrier
transit time, leading to a slow response speed. To reduce the
response time, Bao et al grew millimeter-sized MAPbI; and
MAPDBr; single crystal thin films with a thickness of 10 pm by
developing a hydrophobic interface confined lateral crystal growth
method.®® A photodetector with a p-i-n structure was constructed:
ITO/PTAA/single crystal thin film/Ceo/BCP/Cu (Fig. 10a). The
absence of grain boundaries and pinholes suppressed the
dark current effectively, leading to a very low noise current of
1.4 fA Hz *? (Fig. 10b), a low detection limit of 0.35 pW cm 2
(Fig. 10f), and a high specific detectivity of 1.5 x 10" Jones
(Fig. 10e). Benefitting from the small thickness and large
mobility of the MAPbI; and MAPDbBr; single crystal thin films,
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Fig. 9 (a) Schematic diagram of the device structure. (b) Normalized
EQE spectra of the single-halide and mixed-halide perovskite single-
crystal photodetectors. Reproduced with permission.”> Copyright 2015,
Springer Nature.
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Fig. 10 (a) Schematic architecture of the photodetector based on perovskite
TSCs. (b) Noise current of photodetectors based on perovskite TSCs. (c) EQE
and responsivity spectra of photodetectors based on perovskite TSCs.
(d) Transient photocurrent of photodetectors based on perovskite TSCs.
(e) Specific detectivity (D*) of devices based on perovskite TSCs. (f) Current
output of the MAPbBr3 TSC device to green light. Reproduced with
permission.®® Copyright 2017, Wiley-VCH.

high response speeds of 296 ns and 100 ns were obtained (Fig. 10d).
Xiao et al. subsequently demonstrated that the response speed
of the MAPDI; single crystal thin film photodetectors was
mainly limited by the slow trapping/detrapping processes
induced by the surface charge traps.”® The effective passivation
of the surface charge traps by argon plasma treatment resulted
in a 100-fold increase in the response speed from 1.5 ps to 15 ns
for the photodetectors based on MAPbI; single crystal thin
films with a thickness of 15 pm. Based on a carrier mobility of
150 cm® V' s and a build-in potential of 1 V, the carrier
transit time in this device was estimated to be about 15 ns,
consistent with the measured response time, indicating that
the response time was only limited by the transit time. There-
fore, reducing thickness down to below 10 pm, which is still a
big challenge for lead-iodide perovskite single crystals, is
required to further increase the response speed in the future.
The photo response range of perovskite materials can be
controlled by changing the halide ions. Chen et al. achieved
visible-blind UV photodetectors with nanosecond response
time and high detectivity based on MAPbCl; single crystal thin
films.*® When using a MAPbC; crystal with a thickness of 1 um,
the response time of 15 ns was obtained for the visible-blind
UV photodetectors, which was several orders of magnitude
faster than the ever-reported solution-processed visible-blind
UV photodetectors and is comparable to the reported UV photo-
detectors based on traditional inorganic semiconductors.

3. X-ray detectors

Radiation detectors are widely used in medical imaging, dosi-
meters, photon counters, spectroscopy, and nuclear reaction
monitors. When X-ray detectors are applied for dosimeter or
medical imaging, they work in a current mode. In this mode,
multiple photons arrive at the semiconductor detector together,
and an X-ray photon can be converted directly via the photo-
electric effect process into many excess free charges within the
semiconductor, which are then collected by the electrode under
bias. When the radiation detectors are applied for photon
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counters, spectroscopy, and nuclear reaction monitor, they
work in a voltage mode. Contrary to the current mode, photons
arrive at the detector one by one. Each photon generates some
electron-hole pairs, and the corresponding charge number is
calculated in the signal pulse, and its intensity is proportional to
the energy of the photon. The y-ray photon energy spectrum can
be drawn by using the histogram directivity of photon energy.””

Compared with other semiconductor materials, the single-
crystal perovskite has the following advantages, which makes it
have excellent performance in the radiation detector.

(1) It has a strong stopping power and therefore provides a
large linear attenuation coefficient.

(2) It presents much lower trap density and improved crystal-
linity due to the freeing of the grain boundaries of polycrystals,
therefore it has a large mobility-lifetime (u—7) product.

(3) It has large bulk resistivity, resulting in the radiation
detectors having small dark current and noise.

(4) It has relatively better tolerance to defects than other
semiconductor materials, and therefore it possesses radiation
hardness.

3.1 X-ray detectors based on lead perovskite single crystals

Wei et al. first reported a sensitive X-ray detector made of the
methylammonium lead bromide (MAPbBr;) perovskite bulk
single crystal.®® A record ur product of 1.2 x 107> em* V'
was obtained by using a non-stoichiometry precursor for crystal
growth, thus ensuring effective carrier transport and suppres-
sing the undesired dark current by lowering the applied bias.
Besides, the carrier lifetime and extraction efficiency were
increased by decreasing the surface charge recombination
velocity with UV-O; treatment. Finally, the as-fabricated single
crystal devices showed a detectable X-ray dose rate as low as
0.5 UGyair s with a sensitivity of 80 pC Gy,;, " em™ > (Fig. 11),
which was four times higher than the sensitivity achieved with
a-Se X-ray detectors. Subsequently, the same group reported the
monolithic integration of the MAPbBr; single crystal onto the
silicon substrate through a facile, low-temperature, solution-
processed molecular bonding.*® The dipole of the bonding
molecule reduced device noise at high bias, but retained
the signal intensity, resulting in a much higher sensitivity of
2.1 x 10* uC Gy, * em™ 2 and a much lower detection limit of
0.1 uGy,ir s ' under 8 keV X-ray radiation.

3.2 X-ray detectors based on lead-free perovskite single
crystals

In spite of the low-cost fabrication and outstanding perfor-
mance demonstrated with the lead-based single crystal X-ray
detectors, they face a big problem: lead is toxic. To solve this
problem, Pan et al. reported the synthesis of the Cs,AgBiBrg
perovskite bulk single crystal and its application in X-ray
detectors.”® Cs,AgBiBre has an average Z value of 53.1, which
is higher than MAPDI; (Z = 48.9) and MAPDbBr; (Z = 45.1), thus
showing a higher X-ray absorption coefficient (Fig. 12a).

The thermal annealing treatment of the Cs,AgBiBrg single
crystal at 373 K in nitrogen for 2 h led to a high ut product of
3.75 x 10~° em® V" and a low surface recombination velocity

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 (a) Attenuation efficiency of CdTe, MAPbls, MAPbBrs, MAPbCls
and silicon to 50 keV X-ray photons versus thickness. (b) MAPbBr3 single-
crystal device response to X-rays by turning the X-ray source on and off.
(c) X-ray-generated photocurrent at various dose rates, down to the
lowest detectable dose rate. (d) Normalized response as a function of
input X-ray frequency showing that the 3 dB cutoff frequency is 480 Hz.
Reproduced with permission.®® Copyright 2016, Springer Nature.
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of 1496 cm s~ ' (Fig. 12b). Moreover, the suppressed ion
migration in Cs,AgBiBr, inhibited the dark current obviously,
thus permitting the single crystal X-ray detectors work at a
relatively larger external bias. Efficient charge collection was
therefore guaranteed without a substantial increase in noise
current. Finally, the detection limit as low as 59.7 nGy,;, s~ was
obtained, which was comparable to the lead-based single crystal
X-ray detectors (Fig. 12c and d). After Cs,AgBiBr, single crystals, a
series of lead-free perovskite single crystals were reported for X-ray
detectors, such as MA;Bi,lo,”® Rb;Bi,lo,*° C;Bi,lo,*" etc.

4. Challenges and perspectives

Different from solar cells and light emitting diodes, photo-
detectors and X-ray detectors based on MHP single crystals have
achieved better performance than those based on polycrystalline
thin films. And their performance can be further improved by
optimizing material properties and the device fabrication technique.
Besides, investigation of single-crystal detector applications is
rarely reported, in spite of their better performance. To provide
guidelines for the future development of single-crystal photo-
detectors and their applications, we highlight the following
challenges and perspectives.

(1) Many reports confirm the existence of a large amount
of charge traps on the surface of perovskite single crystals,
which causes a high surface charge recombination rate. For
photoconductor-type photodetectors, the carriers are mainly
travelled in the surface part of perovskite single crystals.
For photodiode-type photodetectors, the trapping-detrapping
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Fig. 12 (a) Attenuation efficiency of various semiconductors to 50 keV
X-ray photons versus thickness. (b) Bias-dependent photoconductivity of
Cs,AgBiBre SCs. (c) X-ray photocurrents and gain factor versus dose rate.
(d) Signal-to-noise ratio of the device. Reproduced with permission.”®
Copyright 2017, Springer Nature. Attenuation efficiency of various semi-
conductors to 50 keV X-ray photons versus thickness. (b) Bias-dependent
photoconductivity of Cs,AgBiBre SCs. (c) X-ray photocurrents and gain
factor versus dose rate. (d) Signal-to-noise ratio of the device. Reproduced
with permission.”® Copyright 2017, Springer Nature.

process of carriers will increase the response time. For X-ray
detectors, the surface charge traps are adverse to the interface
carrier transport, and therefore this increases the bias and dark
current. Therefore, for both photodetectors and radiation
detectors, their performance correlates intimately with surface
charge recombination. The loss of organic amine ions and
halide ions is the main reason causing high surface charge
trap density in perovskite single crystals. Therefore, developing
effective methods to replenish the organic component will
increase the material property and device performance. Possible
strategies to replenish the organic iodide are proposed as
follows: treatment of the single crystal with organic iodide vapor,
spin coating the organic iodide solution, immersing the single
crystal in the organic iodide solution.

(2) For photoconductor-type photodetectors, current device
fabrication processes usually include the vacuum deposition of
gold electrodes directly on the surface of perovskite single
crystals. However, the perovskite materials are delicate and
can be readily damaged by the high-energy atom bombardment
and strong local heating during the vacuum-deposition of
the metal electrode, which may be detrimental to the charge
transport across the metal/perovskite interface and the photo-
detector performance. Developing new techniques to deposit
the electrode without damaging the perovskite materials, such
as lamination processes, may further improve the performance
of the single-crystal perovskite photoconductors.

(3) For photodiode-type photodetectors, it is still challenging
to reduce the response time to sub-nanosecond, which has
important applications in light communication, fast detection,
etc. Current methods to grow millimeter-sized perovskite single
crystal thin films usually lead to a crystal thickness of larger
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than 10 pm. Developing a novel method to further reduce the
crystal thickness to be comparable to the polycrystalline thin
film is an urgent question to be solved, which will benefit the
development of single-crystal solar cells. Besides, reducing the
crystal thickness will lead to an obvious increase in the device
capacitance, and thus result in the resistance-capacitance (RC)
constant, which is in conflict with the reduced transit time.
Therefore, these two factors should be considered simulta-
neously to achieve the sub-nanosecond response time.

(4) Although the performance of X-ray detectors based on
bulk single crystals is excellent, these results only satisfy the
requirement of single-element detector applications, such as
X-ray dosimetry. For medical radiography and many other X-ray-
based imaging techniques, the integration of these single
crystals on the commercial chip with two-dimensional pixels is
necessary. The conflict between the flat surface of the single
crystal and the microstructure of the chip may be a potential
challenge for the integration, which may be solved by using
the microcrystals with smaller size and similar optoelectronic
properties. Besides, the large thickness and high carrier mobility
of the bulk single crystal may cause difficult differentiation
between the adjacent pixels. To solve this problem, a large-area
thin single crystal wafer can be used to further increase the
resistivity of single crystals to make them sustain high bias.

5. Conclusions

The superior optoelectronic properties of perovskite single crystals
make them excellent candidates for detectors. Currently, X-ray
detectors based on bulk single crystals shows better performance
than those based on commercial o-Se. The optimization of single
crystal thin films with different thickness and crystal quality has
led to the highest photocurrent gain in photoconductor-type
photodetectors and nanosecond response in photodiode-type
photodetectors. Through the rational design of material proper-
ties and device fabrication techniques, the detectors will be
suitable for practical applications in the near future.
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